In Crepis sancta (Asteraceae), achenes produced in the periphery of the¯ower head have reduced dispersal ability and are larger than achenes produced in the centre of the head, which disperse farther. The proportion of central achenes produced by a single individual represents the potential dispersal rate of its progeny. Seed variation in dispersal ability may be important where there is spatio-temporal variability of habitats, but its evolutionary signi®cance mainly depends on the heritability of the relative proportions of each achene morph. However, the number of peripheral achenes in a capitulum, and that of involucral bracts are suggested to depend on the number of parastichies, a canalized character. From a diallel cross design, phenotypic variance for several capitulum traits was partitioned among six variance components, including the additive variance. The phenotypic values of some head traits re¯ected the expected frequency due to ontogeny, in particular the number of involucral bracts. Yet, this character also had a signi®cant heritability, suggesting that variation around the mode of the distribution was not only due to developmental noise. The additive variance for number of peripheral and central achenes was not signi®cantly dierent from zero. In contrast, their respective proportion had a narrow sense heritability greater than 0.20. The present results suggest that the percentage of central achenes per individual, and thus the potential dispersal rate in Crepis sancta, is under quantitative genetic control, and could undergo microevolutionary changes in natural populations.
Introduction
Seed heteromorphism, i.e. the production of dierent seed morphs by a single individual, is recognized as a way in which plants may cope with spatio-temporal variability of habitats (Venable, 1985; Venable et al., 1998) . This relies on ecological dierentiation among seed morphs for dormancy, dispersal or competitive ability (see references in Ruiz de Clavijo & Jimenez, 1998; Imbert, 1999) . For instance, in most seed heteromorphic Asteraceae species, achenes (i.e. single seeded fruits) produced by peripheral¯orets, hereafter peripheral achenes, lack dispersal structures (e.g. pappus, trichomes, etc.), and thus have reduced dispersal capacity, whereas central achenes disperse farther because they possess dispersal structures (Imbert, 1999) . Therefore, the percentage of central achenes produced by a single individual represents the potential dispersal rate among its progeny.
Obviously, the relative proportion of each seed morph produced by a single individual is a key feature (Venable, 1985) . Yet, few studies have focused on genetic variation in seed morph proportions (see references in Imbert et al. (1999) for Asteraceae species; see also Cheplick & Quinn (1988) for seed heteromorphism in relation to amphicarpy). More scarce are studies of the heritability of seed morph proportions, although estimation of heritability is needed to infer the origin of variation within and among populations (Venable et al., 1998) . For Asteraceae species, Venable & Burquez (1989) proposed values of broad-sense heritability greater than 0.25 for Heterosperma pinnatum, based on estimation of within-and among-family variances. However, the results obtained for this species cannot hold for all heteromorphic Asteraceae, since achene morphs in H. pinnatum have an uncommon pattern of arrangement within the seed head.
Indeed, in H. pinnatum, there is no relation between position within the head and achene morphology (Venable & Burquez, 1989) , whereas in most seed heteromorphic Asteraceae, there is a close correspondence between morphology of the achene and its position within the capitulum. Thus, peripheral type achenes are only produced by peripheral¯orets (Pomplitz, 1956; Bachmann, 1983) . Consequently, the study of achene morph proportions must take into account other capitulum traits, in particular those aected by developmental constraints. The main developmental constraint in the capitulum is the number of phyllotactic spirals, i.e. parastichies, which is a canalized character. For instance, in Lactuceae species, the number of parastichies is suggested to be canalized on 13 (Battjes et al., 1992 (Battjes et al., , 1993 . As the number of parastichies controls for number of involucral bracts, and number of peripheral¯orets (Bachmann, 1983) , such characters are expected to show no genetic variance. However, the number of peripheral achenes may vary widely due to pollination failure and abortion (Imbert et al., 1999) . The number of central orets, and potentially central achenes, is determined by the length of each parastichy, i.e. the number of¯orets produced by each parastichy. Consequently, the number of central achenes is strongly correlated with the total fecundity of the head (Zentgraf et al., 1985; Imbert et al., 1999) .
Here, I report an analysis of variance components for capitulum characters in the seed heteromorphic Asteraceae Crepis sancta. In this species, peripheral achenes are light-coloured, have no pappus and are larger than central achenes, which have a pappus. Achenes of intermediate morphology are also found within seed heads of some individuals. It has been shown (Imbert et al., 1997; Imbert, 1999) that plants from peripheral achenes have a greater competitive ability than those from central achenes, and peripheral achenes fall close to the mother plant whereas central achenes have a great wind-dispersal ability. In the present study, a diallel cross design is used to partition the variance of several traits related to the capitulum, in particular proportion of central achenes.
Materials and methods

The species
Crepis sancta is an annual herb commonly found in the Mediterranean area of France. Germination occurs in autumn, and individuals overwinter at a rosette stage. Flowering occurs early in spring (February±March), and lasts two to three weeks. The species is allogamous and insect-pollinated, but a few self-compatible genotypes can be found in natural populations (Cheptou et al., 2000) . Flowers are arranged according to the typical capitulum of Asteraceae. Involucral bracts are divided into two morphologically distinct groups: the outer ones, which are short and oval, and the inner ones, which are long and lanceolate. Previous studies on C. sancta (Imbert et al., 1999) and other Lactuceae species (Battjes et al., 1993; Vlot & Bachmann, 1993) suggested that the number of inner bracts is canalized on 13, as is the number of parastichies. All the¯orets within each capitulum are ligulate, yellow and hermaphrodite, and there are no morphological dierences between peripheral and central¯orets.
Crossing design
In spring 1994, one mature seed head was collected from each of a hundred plants in a natural population at Saint-Mathieu de TreÂ viers (near Montpellier, South of France). In the area, Crepis sancta is abundant in cultivated ®elds, old-®elds and road verges. Therefore, the sampled population was not recently founded or isolated. Achenes within one seed head form a family. Among the 100 families sampled, 10 were selected to increase the distance among sampled plants, and thus to decrease the likelihood of sampling closely related individuals. Ten seeds from each family were germinated in Petri dishes (one dish per family) with distilled water. Germination occurred in a greenhouse (photoperiod 12:12, temperature 20°C:10°C). Seedlings were individually transplanted to 50 cm 3 pots containing 1:1 sterile soil:compost. One month later, plants were individually transplanted to 1 litre pots containing the same soil mixture. One plant per family was randomly chosen. These 10 individuals representing generation 0 were used in a diallel cross design (Gring, 1956) , a protocol in which each plant is used both as pollen donor and pollen recipient. Self-compatibility was tested for each of the 10 individuals, but self-pollination always failed to produce seeds; thus the design was a partial diallel. Plants were kept in an insect-proof greenhouse, and hand pollinations were made between 11.00 AM AM and 12.00 AM AM. Prior to pollination, a¯ower head of the recipient was brushed to remove pollen, then pollen from the donor was brushed onto the head. Among the 90 possible crossings, only 63 produced viable seeds. Pollination failure was possibly caused by sensitivity of pollen to desiccation, a common feature in Asteraceae. However, the eect of the incompatibility system cannot be excluded. Mature seeds were stored in laboratory conditions until autumn 1995 when progeny were raised using the same protocol (germination, seedling transplanting, growth) as above.
For each of the 63 families, 10 seeds were germinated and ®ve seedlings were randomly selected, totalling 315 individuals, but because of mortality, only 291 individuals have been used. During reproduction, plants were placed outdoors in the experimental garden of the Centre d'Ecologie Fonctionnelle et Evolutive (Montpellier), where several thousands of plants were cultivated. Therefore, there was no pollen limitation, and the likelihood of crosses between related individuals was low. During reproduction, three¯ower heads were sampled for counts of the number of outer and inner bracts and the total number of¯orets per head. Three mature seed heads were also sampled to count the number of peripheral, intermediate and central achenes (Table 1) . Those characters were used to compute other characters of interest (Table 1 ). In particular, the ratio (number of¯orets/number of inner bracts, FLORET/ INNER, Table 1 ) provides information about the length of the parastichies.
Data analysis
The distribution of each character was investigated by computing its coecient of variation (standard deviation´100/mean), its skewness (g 1 , a negative value indicates skewness to the left), and its kurtosis (g 2 , a leptokurtic distribution has a positive value). Both skewness and kurtosis were tested against zero with a t-test (Sokal & Rohlf, 1995) .
Data were analysed according to the`bio' model of Cockerham & Weir (1977) , and phenotypic variance (V p ) was partitioned into the following six components: V a and V d , additive and dominance variance, respectively, due to nuclear genes; V mat , maternal variance caused by cytoplasmic genes, and maternal environmental eects; V pat , paternal variance; V k , variance resulting from the interaction between nuclear genes from one parent with extranuclear genes from the second parent; and V e , environmental variance (Shaw & Platenkamp, 1993) . Variance components were computed with the NF NF6 program of the QUERCUS QUERCUS package (Shaw & Shaw, 1994) . Since this program does not allow the dierentiation of repeated measures on a single individual from repeated full-sibs within a single family, data analyses were performed on the mean value for each trait per individual. Because of an unbalanced design, i.e. the number of individuals varied among full-sib families, variance components were estimated using the REML REML method (Shaw, 1987) .
Variances components were ®rst estimated with an unconstrained analysis, i.e. variances were allowed to be negative. Thus, components that were estimated as negative were constrained to 0. This model was considered as the full model, characterized with a loglikelihood value noted L max . Thus, for each component that was not negative in the full model, a new model was tested constraining the component in question to 0. This model was characterized with a log-likelihood value noted L 0 . To test whether components were signi®cantly dierent from zero, a likelihood ratio test was used [L )2(L 0 ) L max )], and compared with a v 2 with 1 degree of freedom. Finally, genetic correlations were (Lynch & Walsh, 1998) .
Results
Distribution of characters and phenotypic correlations
A total of 866¯owering heads were collected, of which 264 had 8 outer bracts (kurtosis g 2 1.00, t 6.02, P < 0.001 for H 0 : g 2 0, Fig. 1a ). For INNER (number of inner bracts), the value of kurtosis (g 2 6.30, test against zero: t 37.84, P < 0.001) indicated a high leptokurtic distribution, and 602 heads (69.5%) had 13 inner bracts (Fig. 1b) . Furthermore, INNER had a very low coecient of variation (7.7%, Table 1 ). The variation observed in OUTER (number of outer bracts) was evident for the total number of bracts (Fig. 1c) , however, there was a pronounced preference for 21 bracts per head (g 2 2.49, Fig. 1c) . Phenotypic correlations among these traits were all positive and Table 1. signi®cant (Table 2 ). The total number of¯orets per head (FLORET) did not show such bias in its distribution, and both its skewness (g 1 )0.06) and its kurtosis (g 2 0.19) were not signi®cantly dierent from zero (t 0.72, and t 1.14, respectively, and P > 0.25 for both values, Fig. 1d ). The average number of¯orets per parastichy (LENGTH) was 6.1 (Table 1) , and 67.2% of the capitula had a value ranging between 5 and 7. Phenotypic correlation between FLORET and LENGTH was higher than the correlation between FLORET and the number of bracts (Table 2) .
Of the 846 collected fruiting heads 824 had less than 14 peripheral achenes (Fig. 1e) , and the mean number of peripheral achenes per head (9.6, Table 1 ) was signi®-cantly dierent from 13 (t 43.53, P < 0.001), the usual number of parastichies in Lactuceae species (see Introduction). Furthermore, the phenotypic correlation between PA (number of peripheral achenes) and INNER was not signi®cantly dierent from zero ( Table 2 ). The mode of the distribution of IA (number of intermediate achenes) was zero (Fig. 1f) , and more than 25% of the fruiting heads (224 out of 846) had no intermediate achene. IA had a distribution highly skewed to the right (g 1 1.49, t 17.98, P < 0.001) with a coecient of variation greater than 100% (Table 1) . Conversely, the distribution of CA (number of central achenes) did not show any extreme pattern, and values of skewness and kurtosis were not signi®-cantly dierent from zero (Fig. 1g) . On average, central achenes represented more than 80% of the total fecundity of seed heads (Table 1) , and for 588 fruiting heads, the percentage of central achenes (PCA) was greater than 75%. Such a pattern led to a high correlation between CA and the total number of achenes per head (ACHE, Table 2 ). Furthermore, the regression coecient (b 0.999 SD 0.010, n 846) did not dier signi®cantly from unity (t )0.04, P > 0.95 for H 0 : b 1). Conversely, PA was only slightly correlated to ACHE (Table 2) , and the correlation between IA and ACHE was not signi®cantly dierent from zero (Table 2 ). These patterns lead to negative correlations between PPA (percentage of peripheral achenes) and CA, and PPA and ACHE (Table 2 ). Finally, IA was highly negatively correlated with PCA (Table 2) , with individuals that did not make intermediate achenes producing more central achenes than those which produced intermediate achenes (87.6% vs. 82.6%), without change in total fecundity (71.3 vs. 72.9).
Variance partitioning and genetic correlations
Maternal components were signi®cant and accounted for at least 6% of the total variance for all the characters related to¯owering head (OUTER, INNER, BRACT, Table 2 Phenotypic correlations (below diagonal) and additive genetic correlations (above diagonal) among the traits measured in Crepis sancta. Genetic correlations have been computed only for characters with a signi®cant additive component of variance (see Table 3 ). For abbreviations, see Table 1 Traits FLORET, Table 3 ), except LENGTH. Estimations of additive components showed values ranging from 16.2% for INNER to 32.2% for OUTER, and every value was signi®cantly greater than zero (Table 3) . Genetic correlations among these traits showed a pattern similar to that obtained with phenotypic correlations (Table 2) . For the number of peripheral achenes, that of central achenes, and the total number of achenes per head (PA, CA, and ACHE, respectively), all components but V e , were lower than 10% and not signi®cantly greater than zero (Table 3 ). In particular, the estimation of the additive variance was lower than 10%, and was never signi®cantly dierent from zero (P 0.48 for PA, 0.22 for CA and 0.28 for ACHE, Table 3 ). Consequently, no genetic covariance was estimated for these traits (Table 2) . Conversely, the additive variance for IA accounted for 75.3% of the total variance (Table 3) , and was the only signi®cant component for this trait, suggesting a very high heritability for number of intermediate achenes. Actually, 31 progeny out of the 291 did not produce intermediate achenes, and these genotypes were closely related, since 18 originated from a single parent, either as father or as mother. PIA showed the same pattern as IA (Table 3) . Excluding these individuals from the analysis, additive variance accounted for 74.0% of the total phenotypic variance of IA. Correlations between IA (or PIA) and traits related to the¯owering heads were never signi®cant (Table 2) . Finally, additive variance components were signi®cant for both percentage of peripheral achenes and that of central achenes (Table 3) , and narrow-sense heritability was approximately 0.25 for both traits. For PPA, additive genetic correlations were signi®cant only with FLORET and LENGTH; these values were negative and greater than the phenotypic correlations (Table 2) . For the genetic correlations between PCA and FLORET and LENGTH, a similar pattern was observed ( Table 3) , except that values were positive.
Discussion
Although plants in the ®rst generation were grown in controlled conditions, estimates of the maternal component of variance were signi®cantly greater than zero NS, not signi®cant, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.
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for traits related to¯owering heads, including number of bracts and total number of¯orets per head. Nongenetic maternal eects are usually expected in early seedling traits, such as seed mass and germination time, rather than at the¯owering stage (Byers et al., 1997; Thiede, 1998) . Previous studies conducted on Crepis sancta have shown that such early generation nongenetic eects disappear during growth in controlled conditions (Imbert et al., 1999) . However, the maternal component also includes eects of cytoplasmic genes. Except for sex determination in gynodioecious species, cytoplasmic genes are not usually known to aect morphological traits. In Papaver somniferum, reciprocal crosses suggested that resistance to mildew is under the control of cytoplasmic inheritance, and depends on leaf morphology (Dhawan et al., 1998) . Thus, the cytoplasmic genome could aect leaf morphology. Ogihara et al. (1997) have reported that mitochondrial genes in¯uencē ower morphogenesis in Aegilops crassa, while a similar eect was obtained in Nicotiana for petal and stamen development (Bonnett et al., 1991; Kofer et al., 1991) . Consequently, it is possible that¯owering head morphology in Crepis sancta is also aected by cytoplasmic genes, but this clearly requires testing. In plant species, canalized characters usually have a distribution centred on a number belonging to the Fibonacci sequence (0, 1, 1, 2, 3, 5, 8, 13, 21 ,¼ where u n+2 u n+1 + u n , and u 0 0 and u 1 1; Bachmann & Chambers, 1990; Briggs & Walters, 1997) . Such canalization on 13 is obvious for the number of inner bracts, consistent with previous results on Crepis sancta (Imbert et al., 1999) and other Lactuceae species (Battjes et al., 1992 (Battjes et al., , 1993 Vlot & Bachmann, 1993) . Numerical canalization is less obvious for the number of outer bracts (see also Battjes et al., 1993) . Note that the mode of the distribution for OUTER was 8, and 13 for INNER, two consecutive numbers in the Fibonacci sequence. Phenotypic variation in canalized characters is suggested to result from developmental noise, arising from accidents of developments. However, the present study shows that the numbers of outer and inner bracts have signi®cant additive variance. Therefore, the variability around 8 for OUTER and 13 for INNER Ð and 21 for the total number of bracts Ð has partly a genetic basis in Crepis sancta. Genetic variation in number of involucral bracts has also been reported in Microseris douglasii (Vlot & Bachmann, 1993) and in M. pygmaea (Battjes et al., 1993) .
Some correlations presented here are trivial results because of nonindependence of the characters being compared (e.g. number of peripheral achenes, that of central achenes, and total number of achenes per head), but they illustrate the eect of ontogeny on capitulum characters (Zentgraf et al., 1985; Imbert et al., 1999) .
For instance, the number of peripheral achenes per head is suggested to be bounded to 13 (see introduction), which was observed for 97.3% of the sampling heads, thus its correlation with the total fecundity of the seed head is low, but signi®cant. In contrast, the number of central achenes is highly correlated with the total fecundity of the seed head, because central achenes are preponderant within a seed head. These correlations have some consequences on the pattern of variation in the number of each achene morph, and their respective proportions (Imbert et al., 1999) . As Crepis sancta is an annual species, the total fecundity of one seed head, and the number of seed heads, is mainly determined by biomass accumulation during the vegetative period, and thus by environmental conditions. Furthermore, pollination failure and abortion also generate environmental variance. Therefore its heritability, as that of associated characters (number of peripheral and central achenes), is expected to be low or null, since environmental variance represents the main component. In contrast, the number of intermediate achenes per seed head was not signi®-cantly correlated with the total fecundity. Therefore, this character is not submitted to the same constraints as the number of peripheral and central achenes. It thus showed a very high value of heritability, and individuals that did not produce this kind of achenes were closely related. These dierences among the three achene morphs suggest that intermediate achenes would be relevant to an investigation of the genetic basis of dierentiation between achenes, i.e. the ontogeny of achene heteromorphism.
The most interesting point of the present study is that the heritabilities of peripheral and central achenes were not signi®cant, whereas the narrow-sense heritabilities of their respective percentages were high. Therefore, it appears that the percentage of central achenes, in particular in Crepis sancta, is not only the result of developmental constraints, as suggested by previous studies (Bachmann, 1983; Imbert et al., 1999) , or a plastic trait (Imbert & Ronce, in press ), but it is also a trait genetically determined. Equivalent results have been obtained for amphicarpic species (Cheplick & Quinn, 1988) , and for other Asteraceae species (Venable & Burquez, 1989; Bachmann & Chambers, 1990) . As central achenes in Crepis sancta have a high dispersal ability compared to that of peripheral achenes (Imbert, 1999) , the percentage of central achenes represents the potential dispersal rate. The fact that the character exhibits a high narrow-sense heritability suggests that either the potential dispersal rate is a neutral character with a transitory polymorphism, or is under some sort of balancing selection (Cohen & Levin, 1991) . Many ecological investigations have pointed out the importance of seed dispersal for plant species (see references in Imbert, 1999; and in Ouborg et al., 1999) . Furthermore, in C. sancta, the preponderance of the dispersed achene morph within seed heads suggests dispersal is an important feature; an observation to be related to the colonization ability of the species (Imbert et al., 1999) . Finally, many theoretical studies have focused on the evolution of dispersal rate, in particular in a metapopulation context (Olivieri et al., 1995) , and con®rmed the importance of seed dispersal for sessile organisms such as plants. In particular, Olivieri et al. (1995) showed that dispersal rate experiences antagonistic selective forces at the withinpopulation level (selection favours a low dispersal rate) and at the metapopulation level (selection favours a high dispersal rate). Furthermore, in most seed heteromorphic species, seed morphs also dier for several ecological characters. For instance, in the annual Heterosperma pinnatum, morphs dier for dispersal and dormancy, thus seed morph proportions change with vegetation composition and amount of precipitation (Venable et al., 1998) . In C. sancta, seedlings from peripheral achenes have a greater initial mass than the ones from central achenes, conferring an advantage in competitive conditions (Imbert et al., 1997) . These dierences between seed morphs might also contribute to the maintenance of genetic variation for seed morph proportions.
The presence of genetic variation in seed morph proportions and potential dispersal rate allows these traits to be locally adapted. Previous observations in Crepis sancta (Imbert, unpublished data) showed that the proportion of central achenes decreases with age of populations along a successional process. Similar patterns have been observed in two seed heteromorphic Carduus species (Olivieri & Gouyon, 1985) , consistent with theoretical predictions (Olivieri et al., 1995) . Peroni (1994) and Cody et al. (1996) have also focused on among-population variation in characters related to dispersal ability (samara morphology in Acer rubrum, and achene morphology in several Asteraceae species, respectively), and concluded that potential dispersion varied in a consistent way with theoretical prediction. All these observations suggest that, in plant species, potential of dispersal cannot be only viewed as a plastic character, mainly maternally induced (Donohue, 1999) . In particular, the present study demonstrated that in Crepis sancta dispersal rate has a genetic basis, thus the species appears to be an interesting species to investigate some theoretical predictions about the evolution of dispersal rate, in particular in regard to metapopulation dynamics, and habitat fragmentation.
